Abstract-We present a practical implementation of a leakywave thinned phased array in printed circuit board (PCB) technology. In this paper, we demonstrate that a reduction of the grating lobes, and therefore an improved gain in a thinned phased array, with respect to standard solutions, is achieved by virtue of the angular filtering introduced by a leaky-wave cavity in the far field. The presented array is designed in PCB and integrated with an inductive partial reflective surface. A full study of the performances of the 7×7 phased array antenna for several scanning angles and frequencies is presented. This paper shows an improved gain, directivity, grating lobe level, back lobe level, beam efficiency, and active reflection coefficient with respect to a reference solution based on 2 × 2 subarrays. The results are validated via the measurements of a 3 × 3 array prototype.
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I. INTRODUCTION

E
ARTH and planetary coverage applications from geostationary orbit require high gain antennas over limited angular regions (typically a semiangle of 10°-15°). For these applications, it is possible to use large phased array antennas that can steer the beam over such limited coverage area [1] . For this application scenario, it is important to reduce the cost and complexity, which is directly related to the number of active transceivers required for the phased array antenna. Therefore, there is the interest to investigate the possibility of using thinned phased arrays with periods above a wavelength. This reduction in the number of array elements will introduce grating lobes in the visible range leading to a loss of efficiency. In order to reduce this efficiency loss, different approaches have been introduced in literature (see [2] , [3] for a good overview of the state of the art). Most of the approaches use Manuscript received August 20, 2015 [4] - [7] . Optimizing positions and dimensions of the array elements suppresses grating lobes, but it does not avoid the average main-beam power loss with scan [8] . A different approach is to use periodic tight arrays where the phasing is done at subarray level [9] - [13] . This approach will attenuate the level of the grating lobes over a limited coverage region.
The suppression of the grating lobe in thinned phased arrays by means of a spatial dielectric filter or partially reflecting surface (PRS) was first proposed in [2] . Since then, the use of PRSs to enhance the directivity of small antennas has been considerably studied in literature [14] - [27] . This type of antennas is referred, in the literature, as leaky-wave antennas (LWAs) [17] - [19] , electromagnetic bandgap (EBG) antennas [21] , Fabry-Perot Antennas (FPAs) [22] and even resonant cavity antennas [25] . LWAs make use of a partially transmissive resonant structure [17] which can be made of a thin dielectric superstrate [17] , [23] , [24] or by using inductiveor capacitive-metasurfaces [18] - [22] , [24] , [25] .
In [15] , the guidelines for designing thinned phased arrays with a limited scanning angular range based on these leakywave cavities were described in terms of bandwidth and mutual coupling. It was concluded that the mutual coupling between two adjacent array elements had to be in the order of −20 dB to obtain the highest gain in the embedded pattern, similarly as in the case of focal plane arrays in the presence of PRS [26] . In [28] , it was shown that an inductive strip grid-based PRS leads to higher directivity enhancement, in comparison with dielectric-based or capacitive-based PRS, but without compromising the antenna frequency bandwidth or mutual coupling as a result of the suppression of the TM 0 undesired leaky mode.
In this paper, we describe a practical implementation in printed circuit board (PCB) technology of the PRS-based thinned array concept. The PRS is optimized following the guidelines derived in [15] and [28] for maximum gain enhancement in the target scan coverage. This implementation fulfills the specifications, summarized in Table I , for future telecommunication Ku-band satellites.
The array phase-shifting is performed on array elements separated a distance of 2λ 0 to reduce the front-end cost. Two array configurations, shown in Fig. 1(a) and (b), are designed in PCB technology and optimized to fulfill these requirements: an array of LWA elements and a more classical approach consisting of array elements made by 2 × 2 subarrays. The number of elements in the leaky-wave array is decimated by a factor of 4 with respect to the reference array. For this scenario, the grating lobes will appear in the angular region from 26°to 90°for the considered scanning range. This paper is structured as follows. In section II, the optimization process in terms of the radiation pattern for designing the single array element is summarized. Section III presents the simulated performance for the two arrays with 7 × 7 elements. A complete study of the main parameters: gain (G), directivity (D), grating lobe level (GL), back lobe level (FB), and beam efficiency (BE) as a function of the frequency for the leaky-wave array compared to the reference array is reported also in this section. All numerical results of this paper have been calculated with CST MWS [29] .
Finally, Section IV describes the manufactured prototypes and the experimental results.
II. ARRAY ELEMENT OPTIMIZATION
The geometry of the array element is shown in Fig. 2 . The array is printed on a double grounded substrate of dielectric constant r = 2.2 and with a height of h = 3.2 mm. The height is selected in such a way that only the TM 0 surface wave inside this substrate is above cutoff. Surrounding the antenna, there is a circular cavity of radius r s = 9.15 mm made of via-holes to avoid the propagation of this surface wave. The antenna is matched to a 50-SubMiniature version . Simulated radiation patterns of the array element designed in PCB (this element will be used for the two arrays). The observed discontinuity at 90°is due to the infinite ground plane that has been used in the simulation.
A (SMA) connector via a microstrip line and a stub with dimensions l m = 5.20 mm (length of stub) and w m = 0.50 mm (width of the stub). The dielectric substrate for the microstrip stub has a thickness of h m = 0.5 mm and the same permittivity r = 2.2. The presented antenna is similar to the one reported in [30] where a planar EBG was used to suppress the TM 0 surface wave instead of the via-holes proposed in this configuration. At the bottom of the circular cavity, there is a slot excited via the mentioned microstrip line with the stub. The width and length of the slot are w s = 0.79 mm and l s = 10.50 mm, respectively. At the top of the cavity there is a dipole of length l d = 7.68 mm and width w d = 0.20 mm used to increase the frequency bandwidth of the antenna and to improve the symmetry of the radiated field in the main planes. The optimal solution was selected with respect to the symmetry of the pattern and the reflection coefficient. In Fig. 3 , the radiated field of the proposed antenna element is shown, here the good rotational symmetry of the patterns is clearly observed.
This element geometry will be used as the building element in the reference array as well as in the leakywave one. For the proposed leaky-wave approach, an inductive PRS at certain height h PRS as shown in Fig. 1(a) is located on top of the ground plane. Instead, the benchmark case is composed of a 2 × 2 subarray with the elements placed at a distance of λ 0 from each other [see Fig. 1(b) ]. Following the conclusions derived in [15] and [28] , we have designed the PRS (d PRS = 5.20 mm, w PRS = 1.05 mm, and h PRS = 9.55 mm) in order to have a level of mutual coupling between the array elements at a distance of 2λ 0 of −20 dB. The frequency selective surface (FSS) prototype has been designed to be equivalent to a dielectric superlayer structure with permittivity r = 10 in the resonant condition. The design frequency is 14.375 GHz. Fig. 4 shows the magnitude of the reflection coefficient S 11 for both array elements. The benchmark one presents a very good matching over a frequency band of 25%. The PRS one, instead, presents a smaller bandwidth due to the resonant frequency behavior of the LWAs. Even so, this bandwidth is sufficient for the considered application (i.e., 14.25-14.50 GHz). Fig. 4 also presents the directivity of the two designed array elements as a function of the frequency. Due to its resonant behavior, the directivity varies rapidly with the frequency in the PRS case. Nevertheless, the directivity for the PRS is larger than for the benchmark in the frequency bandwidth of interest. This directivity enhancement is linked to the use of a larger aperture size compared to the reference benchmark. The cross-polarization of the leaky-wave-based antenna in the upper half-space is negligible. Indeed, as described in [31] , the broadside radiation generated by FPAs comes from almost perfectly polarized aperture field.
A 2-D representation of the farfield in elevation and azimuth at 14.375 GHz is shown in Figs. 5 and 6 for the benchmark and PRS array elements, respectively. The plots shown in Figs. 5(a) and (b) and 6(a) and (b) are the radiated fields in the upper half-space (i.e., 0°≤ θ ≤ 90°). Instead, the plots shown in Figs. 5(c) and (d) and 6(c) and (d) are the radiated fields in the lower half-space (i.e., 90°≤ θ ≤ 180°). Also in the left part of each figure we can find the copolarized fields whilst in the right side we have the cross-polarized fields. As we can see, the PRS antenna provides significant lower levels of cross polar component of the field than the benchmark as well as lower back lobe level. Fig. 7 shows the radiated fields for both antenna elements in the H -plane at 14.375 GHz as an example. We can appreciate that the PRS provides higher directivity, as a consequence of the leaky-wave enhancement and the lower back lobe level. In the same figure, the embedded pattern for the PRS case of the center element in a 5 × 5 array configuration is also included. This element embedded pattern presents lower directivity due to the effect of the mutual coupling as described in [15] and [26] . Even if the directivity is reduced from the isolated case, the PRS case still leads to a larger attenuation of the grating lobes when compared to the benchmark case.
III. PHASED ARRAY PERFORMANCES
The leaky thinned array has 7 × 7 elements spaced by 2λ 0 . Instead the benchmark based on subarrays has 14×14 elements separated by λ 0 . We present full wave simulations carried out with CST MWS [29] of 7 × 7 phased arrays scanning at broadside and at the edge of the scanning range, θ = 8.6°, in both H -and E-planes. The array element phasing is made considering a spacing of 2λ 0 for both cases.
One important parameter for the leaky-wave-based array is related to the dimensions of the ground plane and PRS. As it was mentioned in Section II, the LWA uses a significantly larger aperture compared to the 2 × 2 benchmark. For the array scenario, the difference in aperture dimensions between the two solutions is smaller, since only the edge elements need some extra area. The ground plane and PRS dimension should be long enough to have the leaky wave sufficiently attenuated, but not extremely large for practical reasons. In the simulations, the area of the leaky-wave array (i.e., ground plane and PRS) has been fixed to 20λ in order not to have an impact from the finite structure. Instead, a length of L = 15λ leads to a small reduction of 0.2 dB of directivity, whereas a length of L = 14λ (equivalent to the benchmark array) leads to a loss of 0.9 dB of directivity (at the central frequency with respect to L = 20λ).
A 2-D representation of the farfield in elevation and azimuth at the central frequency (i.e., 14.375 GHz), is shown in Figs. 8 and 9 for two of the three simulated scanning conditions. The plots shown in Figs. 8(a) and (b) and 9(a) and (b) are the radiated fields in the upper half-space for the PRS and benchmark arrays, respectively. Instead, the plots shown in Figs. 8(c) and (d) and 9(c) and (d) are the radiated fields in the lower half-space. As we can see, the PRS-based array provides higher attenuation of the grating lobes than the benchmark in all the cases. It is important to mention that for the benchmark case there is a significant loss of power in the backradiation (lower half-space), specially in the H -plane for the broadside condition (see Fig. 8 ). This effect reduces the value of the directivity in the upper half-space.
The simulated active reflection coefficients for all the 49 array elements at several scanning conditions have been calculated in CST and omitted in this section for brevity (we present all the s 1 j coefficients in the experimental validation section). For all cases (in the benchmark and PRS), the active reflection coefficients are well-matched over the frequency band of interest. The bandwidth of the benchmark is obviously larger due to the inherent lower mutual coupling.
Figs. 10 and 11 show the embedded and the array radiation pattern for two scanning conditions (at broadside and at scan angle of θ = 8.6°) of both arrays in the H -plane at the central frequency. Due to the low level of mutual coupling (−20 dB), only the adjacent elements (at 2λ 0 ) contribute to the embedded pattern. This means that we can calculate the embedded pattern from the central element of a 5 × 5 array or even 3 × 3 array without significant differences. In the benchmark case, the element pattern of the 2 × 2 subarray embedded in an array is basically the same than the isolated subarray, because this antenna presents a very low mutual coupling.
The position of the nearest grating lobe for the benchmark at broadside and at the maximum scanning angle is ±90°( i.e., because the interelement distance at broadside in the subarray is λ 0 ) and ±20°, respectively. For the same situations, the grating lobes are at ±30°and ±20°for the PRS array. At broadside, the nearest grating lobe is 
dB (PRS).
A larger improvement in the suppression of the grating lobe can be clearly appreciated at the maximum scanning angle (θ = 8.6°) as a result of the angular filtering of the PRS case respect to the benchmark. There, the benchmark only leads to a 5-dB attenuation of the grating lobe (i.e., attenuation respect to the maximum directivity at this scanning angle) whilst the PRS leads to 9.26 dB of attenuation.
Figs. 12 and 13 show the variation of the radiation pattern with the frequency for the E-plane at broadside for the 7 × 7 PRS and benchmark array, respectively. A reduction of the directivity as a function of the frequency can be observed for the 7 × 7 benchmark. This reduction is due to the higher level of back radiation. In contrast, the proposed 7 × 7 PRS array presents improved directivity in the entire frequency band.
In Fig. 14 , the beam efficiency has been calculated for the 7×7 PRS array antenna and compared to the benchmark array at several scanning angles (at broadside and at the maximum scanning angle in the H -and E-planes). The beam efficiency is calculated as a function of the frequency by integrating the radiation intensity over the main beam with respect to the overall angular integral. In Fig. 14 , the band of interest is also highlighted in gray. Observing Fig. 14 , we can conclude that the PRS array presents a better beam efficiency in the band of interest (gray area) with respect to the reference benchmark composed of subarrays.
To finalize the performance analysis of the phased array, we present the variation of the main parameters as a function of the frequency for both the PRS-based and benchmark arrays at the three scanning conditions previously studied. We make the study of the frequency variation, for both arrays, of the simulated directivity (D), the gain (G), the grating lobe level (GL) and the back lobe level (FB). The grating lobe level has been calculated as the negative difference in decibel between the higher value of directivity and the higher value of the grating lobe [the angle for this value is nearby to the theoretical value of the grating lobe angle for scanning according to θ GL = sin −1 (λ/d + sin(θ scan )), where d represents the period]. Both values are calculated in the upper half-space. On other hand, the back lobe level (FB) is the negative difference in decibel between the higher value in the upper half-space and the higher value in the lower halfspace. In both calculations, a more negative value represents better performance for the associated parameter. At broadside in the case of the benchmark, the location of the grating lobe is at 90°because as mentioned before, the interelement distance in the subarray is λ 0 and they are all-in-phase for broadside radiation. For this situation, the back lobe level is comparable to the grating lobe level. For the benchmark case, the radiation pattern when scanning in E-plane presents higher values of directivity than the same array in the other two studied situation (broadside and scanning in H plane) as a result of the lower values of backradiation as it can be clearly seen in Table II . These values of backradiation impact directly on the beam efficiency and would be one of the advantages of the PRS-based array. The PRS array provides larger directivity, and both lower grating lobe and back lobe levels (at broadside and also in the other two extreme scanning conditions). Over the frequency band specified in the application scenario (i.e., 14.25-14.50 GHz) and for the three scanning cases analyzed, the PRS array always provides at least 1.73 dB more gain than the benchmark array.
To summarize these results, Table II presents the directivity, gain, grating lobe level, side lobe level, and back lobe level at the central frequency. The increase in the PRS gain is associated to several facts: the reduction of the grating lobe and of the back radiation, and also a slight increase in the radiating area at the array edges [see Fig. 1(a) ].
IV. EXPERIMENTAL VALIDATION
We have fabricated and measured two prototypes, referred to the isolated element and a 3 × 3 PRS phased array. The size of the ground plane and the PRS has been fixed for both prototypes to 10λ 0 (by manufacturing facilities). The PRS is manufactured by photo-printing in a Kapton layer and also a supporting foam layer has to be added to the previous design. This Kapton (with 0.05 mm thickness and r = 3) is a flexible material that is laying in the thin foam layer (with 3 mm thickness and r = 1.067). With this new materials, the parameters of the FSS and their cavity must be recalculated as in [28] . The height of the cavity is now fixed to 6.44 mm and the width of the strip is 1.052 mm. The period of the FSS is kept as 5.2 mm.
The two prototypes have been manufactured with the dimensions described previously. Fig. 15 includes a picture of the 3 × 3 phased array. We have limited the number of elements in the array (from 7 × 7 to 3 × 3) due to manufacturing constrains and assuming that as the mutual coupling is low, the 3 × 3 embedded element is enough representative of the real scenario. The measured S 11 for the embedded element is shown in Fig. 16 . In the same graph, the results from full wave simulations (for the isolated and embedded element) are included for comparison purposes.
The agreement is quite satisfactory, except for a small frequency shift for the S 11 in the embedded measured prototype. This may be attributed to manufacturing tolerances of the PRS (made with basic photo-printing technique) and even the characterization of the Kapton itself. Besides the foam is not a rigid material and can therefore create tilts in the PRS. The higher level of the reflection coefficient that is also observed in Fig. 16 , can be attributed to little displacements in the feeding layer. That layer is very thin and flexible and has been manually fixed with screws. A more accurate fabrication process would resolve both the shift in frequency and the higher level of the reflection coefficient.
As it was already reported in [27] and [28] , the most critical parameters for the manufacturing process are associated with the Fabry-Perot cavity because it is highly resonant. For example, a variation of the 3% in the height of the cavity (+0.29 mm) could represent a frequency shift of 17.4% for the single element antenna. On the other hand, an inclination of around 1°in the PRS with respect to the ground plane can produce a loss in the magnitude of the reflection coefficient of around 5 dB.
The magnitude of the simulated and measured S i1 for the all ports in the 3 × 3 phased array is shown in Fig. 17 . Because of the structure symmetries, only three different coefficients are shown. The agreement is satisfactory in all cases, the lower levels of the S i1 correspond with the higher levels of the measured S 11 and the most important fact is that for both the simulated and measured S i1 , i.e., the mutual coupling is always below the −20-dB level. Fig. 18 represents the measured phase of the S i j parameters at broadside for the main H and E planes. The results of the full wave simulations for the active reflection coefficients are also shown for comparison purposes. These main differences in the measured phase of the S i j parameters with respect to the simulated results can be attributed to the manufacturing process, in particular to the possible displacements in the feeding layer and/or little tilts in the vertical axes of the mini SMA connectors.
Finally, Fig. 19 includes for comparison the simulated results and the measured radiation patterns for the two prototypes in the H -plane. Same agreement can be obtained for the E-plane but we omitted these results for brevity. As it can be seen, the measured radiation patterns agree quite well with the simulated ones.
V. CONCLUSION
This paper presents the design and implementation of a leaky-wave thinned phased array in PCB technology. The simulations and experimental results show that a reduction of the grating lobes and a consequent improved gain of the thinned array radiation pattern are possible by virtue of the angular filtering introduced by a Fabry-Perot/leaky-wave cavity.
The designed leaky-wave thinned phased array has been compared with a benchmark, based on phasing subarrays, that represents the current baseline in the telecom industry. A complete study of the directivity, gain, grating lobe level, and back lobe level as a function of frequency has been done. This paper shows an improved gain of about 1.73 dB for the leaky-wave thinned phased array in the entire band of interest and for all specified scanning angles. Measurements of a 3 × 3 prototype have confirmed the simulations.
The main drawback of the leaky-wave approach is the limitation in bandwidth, which is directly related to the required directivity enhancement and therefore the array spacing. The presented design is indeed extremely resonant with a bandwidth in the order of 3.5% because the required array spacing was 2λ 0 . In previous works [15] , it has been demonstrated a comparable enhancement with smaller spacings (1.5λ 0 ) and larger bandwidths (10%).
